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High throughput RNA sequencing analysis of tissues from MS
Five female MS patients (average age = 57.6 years) and five female agematched healthy controls (average age = 56.2 years) fresh frozen autopsy brain tissue samples were obtained from Human Brain and Spinal Fluid Research Center in Los Angeles. Regions included corpus callosum, optic chiasm, internal capsule, hippocampus, frontal cortex and parietal cortex. We requested tissues without lesions by neuropathology in order to examine gene expression in normal appearing white matter and normal appearing gray matter. MS types included 1 relapsing remitting with transition to SP, 3 progressive, 1 unknown; DMTs were not used in 4 and unknown in 1; History of optic neuritis was confirmed in 1, and unknown in 4. Tissues were homogenized into Trizol Reagent (Thermo Fisher Scientific), and aqueous phase was collected after phase separation by adding chloroform. Further RNA purification was performed using Direct-zol™ RNA MiniPrep Plus (Zymo Research). The RNA integrity numbers (RIN) were between 6.1-8.7 for MS (average 7.64) and 5.1-8.3 for normal control (average 7.1).
The RNA sequencing library was made using KAPA Stranded RNA-Seq Kit (Kapa Biosystems) which consists of mRNA enrichment, cDNA generation, end repair, A-tailing, adaptor ligation, strand selection, and PCR amplification. Quality of raw sequence data were examined using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and Trimmomatic (1) was used for cleaning. R package "QuasR" (2) was used for the read alignment to human genome (hg19) followed by the counting at gene level.
Differentially expressed genes between MS and healthy controls were identified using R package "edgeR" (3) . False discovery rate of 0.1 was used as a threshold of differentially expressed genes. To estimate the differentially expressed gene numbers in various CNS cell types, lists of top 500 enriched genes in 7 CNS cell types (neuron, microglia, astrocyte, endothelia, OPC, newly formed oligodendrocyte, and myelinating oligodendrocyte) from the RNAsequencing transcriptome database (4) were used as a reference gene list.
Animals.
All mice used in this study were young adult females (age 8-12 weeks) on a C57BL/6 background. Olig1-RiboTag mice: B6;129S4-Olig1tm1(cre)Rth/J (Olig1-Cre) mice and B6N.129-Rpl22tm1.1Psam/J (RiboTag) mice were purchased from Jackson Laboratory (5, 6 On Day 7, a booster immunization was delivered over contralateral lymph nodes.
The animals were monitored daily for EAE signs based on a standard EAE 0-5 scale scoring system: 0, healthy; 1, complete loss of tail tonicity; 2, loss of righting reflex; 3, partial paralysis; 4, complete paralysis of one or both hind limbs; and 5, moribund (9) . ERβ-ligand treatment was initiated 1 week before EAE induction and given through subcutaneous injections every other day at a dose of 8 mg/kg per day until the end of the experiment. ERβ-ligand treatment preparation and randomization were done using the same method mentioned above. For Cspg4-CreERT2/Mapt-GFP transgenic mice, Tamoxifen (Sigma-subcutaneously two weeks prior ERβ-ligand treatment for 5 consecutive days.
Ovariectomy
To eliminate the effects of circulating endogenous estrogens during the experiments, ovariectomy was performed in female mice (age -5 weeks). Mice were anesthetized by inhalational anesthesia with isoflurane. Carprofen (1.2 mg/ml per animal, Zoetis) and 0.5 ml of saline were injected subcutaneously before the procedure. The fur above the lateral dorsal back was removed, and the skin was sterilized with betadine and alcohol scrubs. Bilateral incisions were made into the back. A hemostat was placed on the fallopian tubes, and the ovaries were removed. Muscle layer was closed with absorbable suture, and the skin layer was closed with wound clips. Amoxicillin (50 mg/ml, Virbac) was added to the water for 5 days for antibiotics (0.5 mg/ml water), and another dose of carprofen was given within 24 h following surgery. Wound clips were removed 7 days later as described (7). All procedures were approved by the Office of Animal
Research Oversight and UCLA institutional animal care and use committee, known locally as the Chancellor's Animal Research Committee.
High throughput RNA sequencing of oligodendrocytes during remyelination.
Mice were exposed to a lethal dose of isoflurane and transcardially perfused with ice-cold 1xPBS for 4 min, followed by perfusion with ice-cold 1% paraformaldehyde-1xPBS for 4 min. Corpus callosum, spinal cord, and optic nerve tissues were collected, snap-frozen in liquid nitrogen and stored at -80°C.
Frozen tissues were homogenized on ice using the Dounce Homogenizer with freshly made homogenization buffer containing: 50mM Tris-HCl (Invitrogen) pH Bioanalyzer with pico chip, respectively as described (9) .
The RNA sequencing library was made using KAPA Stranded RNA-Seq Kit (Kapa Biosystems) which consists of mRNA enrichment, cDNA generation, end repair, A-tailing, adaptor ligation, strand selection, and PCR amplification. was used for cleaning. R package "QuasR" was used for the read alignment to the mouse genome (mm10) followed by the counting at the gene level. To visualize the relationship of samples, the principal component analysis was performed. We assumed read counts followed a negative binomial distribution and constructed generalized linear models based on this negative binomial distribution assumption. Genes differentially expressed between control (Normal) mice receiving cuprizone diet for 9 weeks (9w) versus mice receiving cuprizone diet for 9 weeks followed by normal diet for 3 weeks (9w+3w) were identified using R package "edgeR." False discovery rate (FDR) of 0.1 was used as a threshold of differentially expressed genes, as described (9, 10) . Canonical pathway enrichment analysis was performed for differentially expressed genes in each tissue using Ingenuity Pathway Analysis (QIAGEN, Redwood City, www.qiagen.com/ingenuity) as described (9) .
Quantitative RT-PCR (qPCR)
cDNA was synthesized using the Tetro cDNA Synthesis kit (Bioline) according to manufacturer's instructions. qPCR was performed using PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific) on the Bio-Rad Opticon 2 qPCR / Peltier Thermal Cycler. See Table S5 for primer information. The efficiency of each set of primers was assessed by qPCR on a serial dilution of cDNA from CNS tissues and was confirmed to be above 90%. All gene expression levels were normalized to the levels of β-actin by using the standard curve method and expressed as fold change.
Histological preparation
Mice were exposed to a lethal dose of isoflurane and perfused transcardially with ice-cold 1xPBS for 8 min, followed by 10% buffered formalin for 8 min. Brains, spinal cords and optic nerves were dissected and stored in 10% buffered formalin overnight at 4°C, then submerged in 30% sucrose, 0.1% sodium azide, 1xPBS for 24 h at 4°C. Tissues were embedded in optical cutting temperature compound (OCT, Tissue Tek) and stored at -80°C after flash freezing in an isopropanol bath chilled with liquid nitrogen. Tissues were cryosectioned at -25°C into 40 μm thick (brain and spinal cord) and 10 μm thick (optic nerve) sections using a cryostat (Leica CM1860) and stored in 0.1% sodium azide, 1xPBS at 4°C before used for immunofluorescence staining.
Immunofluorescence staining
Brain (between bregma -2 to 0), spinal cord (thoracic region) and optic nerve sections were washed thoroughly using 1xPBS with 0.1% TritonX-100 (PBSt). Tissue sections were incubated with 5% glacial acetic acid, 95% ethanol solution for 30 min at room temperature (RT) and then washed with 1xPBSt before blocking. For blocking, tissues were treated with 10% normal goat serum (NGS) in 1xPBSt for 1 hour at RT. Primary and secondary antibody stainings were done at appropriate concentrations with 2% NGS, 1xPBSt for overnight at 4°C and 1 hour at RT, respectively. Nuclei were stained with DAPI at 1:5000 concentrations in 1xPBS. After serial washes, sections were mounted onto slides (Superfrost®Plus, VWR), allowed to semi-dry, and coverslipped (24x60, Fisher Scientific) with fluoromount®G (SouthernBiotech) for confocal microscopy as described (7). List of antibodies are provided in Table S6 .
Confocal microscopy and analysis
Stained sections were examined and imaged using Olympus BX51 fluorescence microscope with a DP50 digital camera. Images were taken in stacks, 10x images were taken at 8-10 μm thickness with 2 μm stacks and 40x
images were taken at 5-6 μm thickness with 1 μm stacks. All images were taken and processed using the integrated software program Slidebook4.2 (Intelligent Imaging Innovations). ImageJ (NIH) was used to perform integration and analysis of images. All analyses were done in a blinded fashion with regards to knowledge of treatment randomization as described (7).
Electron microscopy and analysis
Mice were exposed to a lethal dose of isoflurane and perfused transcardially with ice-cold 1xPBS for 8 min, followed by 2.5% glutaraldehyde, 2% paraformaldehyde in 0.1M phosphate buffer, 0.9% sodium chloride for 8 min. Films (Kodak) were developed and scanned at high resolution. The analysis was done with ImageJ and g-ratio was used for the extent of remyelination on axons.
g-ratio = (axon diameter) / (axon + outer myelin diameter) as described (7).
ERβ ChIP-Seq profiles for cholesterol synthesis genes.
ChIP-Seq data for doxycycline-inducible ERβ expressing human MDA-
MB-231 cells treated with estradiol was obtained from GEO (GSE108981) (11).
Briefly, cells were treated with 100 ng/ml doxycycline to induce ERβ expression, treated with 1 nM estradiol for 3 hours, then ChIP-Seq was performed. R package "QuasR" (2) was used for the alignment to human genome (hg19), and
ERβ binding profiles were generated with input from R package "GenomicFeatures" (12) and "Gviz" (13) . The profiles for ERβ ChIP, as well as input negative control (DNAs from chromatin before ChIP), were each analyzed for cholesterol genes.
ChIP assay to assess ERβ binding to estrogen response element of Fdps
The immortalized Mouse N20.1 oligodendrocytic cell line (14) showed separation between groups during remyelination in mice fed with cuprizone for 9 weeks then normal diet for 3 weeks (9w+3w) versus mice fed with cuprizone diet for 9 weeks (9w). 
